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Preface 
A manuscript based upon t h i s  r e p o r t  w i l l  
bs s u b n i t t e d  for p u b l i c a t i o n  as a L ,e t te r  t o  t h e  
E d i t o r  i n  The Journal of  Chemical PhyY' T l C S .  
. 
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AN ELECTRIC QUADRUPOLE TRANSITION I N  THE 
A 'l +- X IC' SYSTEM OF CO 
by 
S. G .  Ti l fo rd% and J. D. Simmons":' 
Abs t rac t  
I n  t h e  f o u r t h  p o s i t i v e  system, A ' T I  + X If, of 03 e l e c t r i c  
quadrupole t r a n s i t i o n s  (AJ = 2) have been observed f o r  t h e  f i r s t  
--< t i m e  i n  bands of an e l e c t r i c  d ipo le  allowed t r a n s i t i o n .  Tve 
quadrupole t r a n s i t i o n  p r o b a b i l i t y  has  been determined t o  be -1.1 x 
lo3 sec - l .  This value compares wel l  wi th  t h e  va lue  of  - 2.0 x lo3 
sec- l  determined f o r  t h e  quadrupole t r a n s i t i o n  p r o b a b i l i t y  of  t h e  
e l e c t r i c  d i p o l e  forb idden  a ln + X lf t r a n s i t i o n  i n  the  i s o e l e c -  
g & 
t r en iz  ?!2 EGlemle.  
3k E. 0 .  Hulburt  Center f o r  Space Research, U. S .  Naval Research 
Labora tory ,  Washington, D. C. 20390. 
Work supported i n  p a r t  by t h e  O f f i c e  of Naval Research and t h e  
Nat iona l  Science Foundation. 
*" Work supported i n  p a r t  by t h e  Nat iona l  Aeronaut ics  and Space 
Adminis t ra t ion .  
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Purin,- t lie r e i n v e s t i g a t i o n  of' t h e  hif:h-re:-oiiition a b s o r p t l s n  
s p e c t r a  cf t h e  l 'orbidden t rans i t ion : .  o f  c a r t o n  monoxide i n  t. he vac:iu% 
u l t r a v i o l e t  severil i  weak l i n e s  were observed a t  t h e  head of' each 
of  t h e  strong- f o u r t h  p c c i t i v e  system, A 'C +- X 'f, bands.  
l i n e s  cannot be i d e n t i f i e d  w i t h  any of' t h e  known systems of  01 w t l c k  
occwr i n  t h i s  r e g i o n ;  a 3n  X IC+, a 1 3f +- x IC+, e 3 ~ -  - X 'I?, 
d ' A  +- X '9, o r  I - + X 'E?. S i m i l a r i l y ,  t h e  e x t r a  l i n e c  c a n n c t  
be c o r r e l a t e d  w i t h  any i s o t o p i c  anaiogues o f  t h e  f o u r t h  p o s i t i v e  
system s i n c e  a p p r e c i a b l e  q u a n t i t i e s  o f  s t a b l e  s p e c i e s  l i g h t e r  t h a n  
C 1 2  and 0 Is do not, e x i s t .  
The:; 
A p o s s i b l e  e x p l a n a t i c n  o f  t h e s e  l i n e s  i s  t h a t  t h e y  should  be 
a s s o c i a t e d  w i t h  bands o f  t h e  f o u r t h  p o s i t i v e  system. For t h i s  t o  be 
t r u e ,  t h e  s e l e c t i o n  r u l e  A J  = + 2  would have t o  be imposed. Ths t  
such i s  t h e  c2se  i s  i l l u s t r a t e d  i n  Table  I i n  which l i n e s  of  t h e  >:(J) 
branch (bJ = + 2 )  c a l c u l a t e d  from t h e  ohserved P(J) and R ( J )  branchec 
(which t e r m i n a t e  on t h e  Il+ l e v e l s  of t h e  A 
observed t r a n s i t i o n s .  The observed ( P ( J )  and R( J) b r a n c h e s ,  r a t h e r  
t h a n  t h e  r o t a t i o n a l  c o n s t a n t s ,  w8re u s e d  t o  c a l c u l a t e  t h e  S ( J )  
branch s i n c e  t h e r e  i s  an i n d i c a t i o n  o f  a weak p e r t u r b a t i o n  a t  low J 
v a l u e s  i n  t h e  v 1  = 4 l e v e l  of t h e  A 'I'I s ta te  as a r e s u l t  o f  i n t e r -  
a c t i o n  with t h e  v = 14 l e v e l  of t h e  a '  "f s t a t e  . 
s t a t e )  are compared w i t h  
2) 
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The A 'I X 'T + t r a n : i t i c , n  I n  05 i -  ELL e t e c t r i c  d i p o l e  trarl- 
s i t i o n .  X n c e  AJ = 2 t r a n s i t i o n s  are  rit-;rou:?y f'7rk)iciaen f 'Qr  -=. ~,':t  1-17 
d i p o l e  r a d i a t i o n ' ) ,  t h e  okzerverl l i n e s  rr,urt k'e a t - c r i c u t e d  t o  ~ ~ c c + r l c :  
qiladrupole r a d i a t i o n .  ? h i s  li, t h e r e f o r e ,  t h e  f l r c . t  exarr,ple ;n L;Y 1zr 
e l e c t r i c  quadrupole  l i n e :  have been observed for an e l e c t r i c  Sip13ie 
al lowed t r a n s i t i o n .  
T h e  c-1 er t  on r i l l  e.= for e l e c t r i c  quadruDJle r a d i a t i o n  a r e  i- - +, 
- w -  , and + -, j u s t  t h e  o p p o s l t e  o f  t h c c e  f o r  e l e c t r i c  d i p o l e  
r a d i a t i o n ,  t h u s ,  t h e  S ( J )  branch t e r m i n a t e s  on t h e  I, l e v e l s  a.2 cia 
t h e  P(J) and R ( J )  branches.  An O ( J )  t r a n c h  (AJ = -2) s h s u l d  a;cs :>e 
observed.  However, 'cecause o f  the  s t r e n c t h  o f  t h e  e l e c t r i c  -Ilps!e 
( P ( J ) ,  Q(J), an2 R ( J )  branches and a i d  branches o f  t h e  i s o t c p i c :  
and CL2O1' molecules  which o c c u r  i n  t h e  same r e g i o n ,  we have ~ 1 3 0 1 6  
n o t  been able t o  a s s i g n  any O ( J )  3ir;ec.  
magnitude o f  t r a n s i t i o n  p r o b a b i l i t i e s  for e l e c t r i c  d i p o l e  t o  magnet ic  
d i p o l e  t o  e l e c t r i c  quadrupole  r a d i a t i o n  ( i  : 1.3 x LU 
1418 a t a k i n g  i n t o  account  the Y' term i n  t h e  quadrupole  c o n t r l c d t i 9 n ) ,  
P(J), Q(J) , and R ( J )  branches r e s u l t i n g  frorn n a p e t i c  d i p o l e  t r a n a i -  
t i o n s  Fhould a l s o  be observed i n  t h i s  reg ion .  The branches wculd 
be similar t o  t h o s e  observed for t h e  s t r o n g e r  e l e c t r i c  d i p o l e  trarisi- 
t i o n  e x c e p t  t h e  (P(J) and R(J) branches would t e r m i n a t e  on t h e  !J- l e v e l s  
and t h e  QiJ) branch would t e r m i n a t e  on t h e  TI+ l e v e l s ,  j u s t  t h e  
o p p o s i t e  of  t h o s e  for e l e c t r i c  d i p o l e  r a d i a t i o n .  
From t h e  r e l a t i v e  o r d e r s  cf 
12-- zit 
4 )  
7 n-5 : 4.1 
S i n c e  t h e  ,'- - t y p e  
- 4  - 
dout-ling i c  almost n e g l i g i b l e  for k,ands of' t h e  f 'o i r th  p o s i t i v e  ::y.-Lex 
t h e  m a p e t i c  d i p o l e  branches wi l l  be very  d i f f i c u l t  t o  observe except, 
i n  reg ions  where r t r o n g  p e r t u r b a t i o n c  o f  only one !. - type  component 
o f  t h e  fl s t a t e  a r e  found. 
I n  Fig.  1 t h e  ( 4  - 0)  band of  t h e  A 'TI + X 'C + t r a n s i t i o n  i: 
i l l u s t r a t e d .  These spectrogram? were photographed i n  t h e  4 t h  orrxer 
o f  t h e  21-foot vacuum spectrograph a t  t h e  Naval Research Laboratory.  
A microwave e x c i t e d  krypton lamp was used as a source o f  background 
continilurn . The lower spectrogram I n  Fig.  1 was obta ined  wi th  a 
p a t h  l e n g t h  of approximately 4 x lo-" meter-atmos. 
photograph r e q u i r e d  only  approximately 5 x lo-? meter-atmos. The 
e x t r a  l i n e s  beyond t h e  head of  t h e  ( 4  - 3) A - X band i n  t h e  h i c h  
p r e s s u r e  spectrum i n  Fig.  1 are h igh  J t r a n s i t i o n s  i n  t h e  (7  - 0 )  
band o f  t h e  e 3 C -  + X ' E +  system ( t h i s  corresponds t o  t h e  ( 6  - 0)  
band repor ted  e a r l i e r  ) .  The weaker l i n e s  i n  t h e  lower p r e s s u r e  
spectrum belong t o  t h e  (14 - 0) band o f  t h e  a '  3 C +  
and t h e  Ci30i6 ( 4  - 0) band of A 
5) 
The upper  
296 
X 'ZC syctem 
+ X ' 7  +. 
The s p e c t r a  were f i r s t  observed w i t h  t h e  CO g a s  admi t ted  d i r e c t l y  
i n t o  t h e  body of  t h e  spectrograph.  However, upon measurement of t h e  
proposed S(J) l i n e s ,  we found t h a t  t h e  l i n e s  were s h i f t e d  from t h e  
p o s i t i o n s  c a l c u l a t e d  by use of t h e  s e l e c t i o n  r u l e  OJ = + 2 ,  by 
amounts up t o  approximately 1 em-' toward l o n g e r  wavelengths.  
s h i f t  was caused by t h e  v a r i a t i o n  of t h e  r e f r a c t i v e  i n d i x  o f  t h e  g a s  
This  
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a- a f i inct ion o f  wavelent-th. 
t a k e s  i n t o  account  a l l  absorp t icn  'rands. Frcrrl eqsa t ion  (1) it cap !,e 
seen  that, as t h e  wavelenath approaches t h a t  a s t r img a b s c r p t i c n  i m 5 ,  
t h e  r e f r a c t i v e  index can change by a l a r g e  arccunt i n  a s h o r t  wavelencth 
reg ion .  When v i s  g r e a t e r  than v t h e  r e f r a c t i v e  Ir,dex becones l e s s  i 
than  u n i t y  an3  t h e  o'r'served wavelength i s  g r e a t e r  than t h e  correspcnd-  
i n g  vacuum wavelength ( t h i s  i s  j u s t  t he  r eve r se  f'cr wavelengths 
normally observed i n  t he  v i s i b l e  and nea r  u l t r a v i o l e t  region:) i n  
agreement wi th  our observa t ions .  
abso rp t ion  c e l l  p laced  i n  f r o n t  o f  t h e  s l i t  v e r i f i e d  t h a i  we w e r e  
Subsequent experiments wi th  an 
oisserving a r e f r a c t i v e  s h i f t  very c l o s e  t o  t h e  band o r i g i n .  
The appearance p res su re  necessary t o  observe t h e  S(J) branch W a c :  
approximately 9 x lo4  g r e a t e r  than t h a t  necessary  t o  observed t h e  R(J) 
branch wi th  an i d e n t l c a l  pa th  length .  
- 6  - 
This va lue  i s  n o t  t o o  d i s c o r d a n t  wi th  t h e  order o f  ma[;nitude 
o f  2.4 x 10" i n d i c a t e l  above for t h e  r a t i o  o f  t r a n s i t i o n  p r o t a ' r l i l l t i e s  
o f  a n  e l e c t r i c  d i p o l e  t o  an electric quadrupole t r a n s i t i o n .  
a b s o l u t e  v a l u e s  o f  t r a n s i t i o n  p r o b a b i l i t i e s  f o r  t h e  f o u r t h  p o s i t i v e  
system r e c e n t l y  determined by p h a s e - s h i f t  techniques8)  a v a l u e  of' 
approximately 1.1 x l o 3  see-' can be i n f e r r e d  f o r  t h e  a b s o l u t e  
quadrupole t r a n s i t i o n  p r o b a b i l i t y  observed he re .  
l i f e t i m e  for t h e  quadrupole t r a n s i t i o n  would be approximately 9 x 
s e e .  
From t?le 
The correspondin: 
From a r o t a t i o n a l  i n t e n s i t y  a n a l y s i s ,  t h e  r a t i o  o f  0.33 betyeen 
t h e  r e l a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s  of  e l e c t r i c  quadrupole t o  
magnetic d i p o l e  r a d i a t i o n  haE r e c e n t l y  been determined f o r  t h e  e l e c -  
t r i c  d i p o l e  forbidden a ' t r a n s i t i o n  i n  t h e  i s o - e l e c t r m i c  
N2 m o l e c ~ l e . ~ )  From t h i s  va lue  and t h e  a b s o l u t e  t r a n s i t i o n  p r o b a b i l i t y  
+ 
+ X ' 7  ne z 
I t  
g g 
o f  5.9 x lo3 sec-l measured f o r  t h e  magnetic d i p o l e  a - X 7 t r a n s i t i o n  
1 n\ 
I"/ i n  N by a molecular  beam technique ,  t h e  a b s o l u t e  quadrupole 
t r a n s i t i o n  p r o b a b i l i t y  i n  N 
2 
i s  c a l c u l a t e d  t o  be -2.0 x lo3 see-'. 2 
The quadrupole t r a n s i t i o n  p r o b a b i l i t y  f o r  t h e  a - X t r a n s i t i o n  
i n  N 
t r a n s i t i o n  i n  a. This  i s  i n  good agreement w i t h  t h e  o b s e r v a t i o n  
t h a t  t o  observe t h e  Co quadrupole l i n e s  i t  i s  n e c e s s a r y  t o  employ 
approximately 2.5 t imes t h e  p a t h  l e n g t h  t h a t  i s  r e q u i r e d  t o  observe 
t h e  N2 quadrupole l i n e s .  
i s  approximately 1.8 t imes g r e a t e r  than  t h a t  f o r  t h e  A - X 2 
- 7 -  
I t  shculd ?-e poin ted  ou t  t h a t  i n  F 3 t l i  N an r j  fJ) no cen:IfJctr:i- 2 
t i o n  has been taken i n t o  account for any po:cihle l i n e  w i r l t k ?  
v a r i a t i o n  f o r  branches r e s u l t i n g  from t h e  d i f f e r e n t  types ol‘ 
r a d i a t i o n s .  
o f  H2, extremely small l i n e  widths have keen observed, even a t  v5r;r 
high pressures’’,  12). 
I n  t h e  case  of t he  quadrupole rOta t ion -v i t , r a t ion  :pe c t r i m  
The only  o t h e r  example o f  an e l e c t r i c  quadrupole t r a n s i t i c n  which 
+ 
has  been r epor t ed  i s  the  b ’C 
oxygen a t  1.9 microns i n  t h e  i n f r a r e d L 3 ) .  
- a ’ A  t r a n s i t i o n  i n  molecular  
E 
The repor ted  t r a n s i t i o n  
moment of  2.5 x see-’ would correspond t o  4.5 x 10-l s e e  - had 
t h i s  t r a n s i t i o n  been observed a t  1400 8. 
t r a n s i t i o n  i n  N 
l i n e s  i n  t h i s  system have y e t  been d e t e c t e d  14). 
The B 311 +- X ICf 
& 
has a l s o  been observed, b u t  no pure quadrupole 2 
The r a t i o  o f  i n t e n s i t y  con t r ibu t ions  from e l e c t r i c  quadrupole 
t o  e l e c t r i c  d i p o l e  r a d i a t i o n  i s  given by 3 , 16, 16) 
10 Sd 
where V i s  t h e  frequency,  S and S q d 
s t r e n g t h  f a c t o r s  f o r  an e l e c t r i c  quadrupole and e l e c t r i c  d i p o l e  
a r e  t h e  a p p r o p r i a t e  l i n e  
t r a n s i t i o n ,  r e s p e c t i v e l y ,  and X h i s  t h e  r a t i o  between quadrupole 
m a t r i x  e lements  and d ipo le  mat r ix  e l e m m t s .  
Upon s u b s t i t u t i o n  of the  observed appearance p r e s s u r e s  which 
are i n v e r s e l y  p ropor t iona l  t o  t he  i n t e n s i t i e s ,  t h e  a p p r o p r i a t e  l i n e  
s t r e n g t h  f a c t o r s  for t h e  R(J) branch3) and t h e  S(J) branch16) and a 
- 8 -  
v a l u e  o f  70500 em-' f'or t h e  f requency,  a v a l u e  o f  2.5 x 
obtained f o r  t h e  observed r a t i o  o f  quadrupole t o  d i p o l e  m a t r i x  
elements. A critde t h e o r e t i c a l  p r e d i c t i o n  g i v e  an o r d e r  o f  magnitude 
c f  3.6 x 10 -16fo r  the r a t i o  o f  quadrupole t o  d i p o l e  matrix elementc*) .  
i- 
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CAPTIONS TO FTGUPLES 
Fig.  1 The ( 4  - 0)  a b s o r p t i o n  band o f  t h e  A 'TI 
t r a n s i t i o n  i n  CO. ( a )  Low p r e s s u r e  spectrogram w i t h  t h e  
R( J) e l e c t r i c  d i p o l e  branch i l l u s t r a t e d .  
p r e s s u r e  s p e c t r o g r m  wi th  t h e  S( J) e l e c t r i c  quadrupole  
branch i l l u s t r a t e d .  
X 'C + 
( b )  High 
3 - 11 - 
TABLE I 
S ( J )  cm-I 
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